We present an ab initio density functional study of ferroelectricity in single-domain PbTiO 3 -based nanocapacitors. We used density functional theory with the recently introduced PBEsol generalized-gradient exchange-correlation functional, which we found to give accurate properties of bulk ferroelectric ͑FE͒ materials. Pt and Au electrodes are used in our study to gain a thorough understanding of the electrode-oxide interfaces, and the role of the interfacial chemical bonding and charge transfer in stabilizing the FE polar phase. We found that the FE properties of the thin films depend not only on the electrode and the FE material but also on the electrode-perovskite termination ͑TiO 2 vs PbO͒, exemplifying the key role of the interface in these systems. The critical thickness was found to be 24-28 Å. In addition, a Löwdin orbital analysis gives a detailed description of the distribution of charges in the system, and shows the importance of charge passivation by the electrodes in stabilizing the FE polar phase.
I. INTRODUCTION
Ferroelectric ͑FE͒ nanocapacitors have attracted a lot of attention in the past few years, due to their potential use for nonvolatile FE random access memory devices. Recently, memory density of up to a terabit per square inch has been obtained 1, 2 in FE nanocapacitors based on BaTiO 3 ͑BTO͒ and lead zirconate titanate. An issue of particular importance for microelectronic applications is how thin the FE film can be made before it loses its FE property.
Ferroelectricity is a collective phenomenon triggered by a condensation of "soft phonon mode;" in the perovskites, this involves the displacements of the cations from their oxygen cages coupled to a lattice distortion. In a thin-film geometry, the accumulated charges at the interface, if left uncompensated, would lead to a depolarizing field which suppresses the FE behavior of thin films. 3 Thicker ferroelectric films in short-circuited nanocapacitors will have weaker depolarizing fields, proportional to the inverse of the film thickness. The critical thickness for ferroelectricity in nanocapacitors has been investigated using different approaches previously. One of the first studies where the electrodes are treated from first principles was done by Junquera and Ghosez, 4 and was followed afterward by several other studies. [5] [6] [7] [8] [9] [10] [11] [12] Stengel et al. introduced a method to determine the critical thickness in nanocapacitors which is based on the generalized capacitance calculated using a finite-field approach. 13 In this paper, we use an ab initio density functional theory ͑DFT͒ approach including the recently introduced PBEsol functional 14 to investigate the properties of several PbTiO 3 ͑PTO͒-based nanocapacitorlike structures. In principle, DFT is an exact theory, as defined by a universal exchangecorrelation energy functional, but in practice, it resorts to an approximate form of the functional within the Kohn-Sham formalism. The local-density approximation ͑LDA͒ ͑Ref. 15͒ of the exchange-correlation functional is well known to underestimate the experimental lattice constants by 1-2 %, which is generally an acceptable error. However, in FEs this poses a serious problem because the FE instability is extremely sensitive to volume changes. Typically, in the FE community, this problem is partially remedied by using the experimental lattice constant; obviously this remedy can only be used for experimentally studied materials. The generalized-gradient-approximation ͑GGA͒ functional of Perdew, Burke, and Ernzerhof ͑PBE͒, 16 which generally constitutes a significant improvement over LDA, often exaggerates the FE properties, such as those of PTO and BTO. Recently, Wu and Cohen ͑WC͒ introduced a new functional based on the GGA-PBE functional; WC gives accurate values of the FE properties. 17 In the study of FE nanocapacitors, most groups have used LDA, 4, 5, 10, 13, 18 and to a lesser extent the GGA-PBE functional. 6, 8, 9, 11 Umeno et al. 7 examined FE thin films with LDA and GGA-PBE functionals, and showed that GGA-PBE gives stronger FE properties than the LDA functional. In the present study we used PBEsol, 14 which belongs to the GGA family. In this functional, the first-principles gradient expansion for the exchange is restored over a wide range of density gradients. This makes PBEsol more accurate for solids and surfaces, as was shown by Perdew and collaborators, 16 while the PBE functional 16 is better suited for atoms and molecules. As far as we know, this study is one of the first applications of PBEsol to FE materials.
II. METHODOLOGY
In our DFT calculations, we used modified versions of ABINIT ͑Ref. 19͒ and PWSCF. 20 Core electrons are replaced by norm-conserving pseudopotentials, 21 which are generated using OPIUM. 22 For Ti, we included the semicore electrons 3s 2 and 3p 6 due to the large overlap with the valence states. 23 For Pb, we included the 5d 10 electrons in the valence sector. We used a plane-wave cutoff of 25 hartree, which was sufficient to ensure a convergence of Ϸ1 mhartree on total energies. The reciprocal-space integration was performed using a 4ϫ 4 ϫ 1 Monkhorst-Pack 24 k-point mesh which we found to be sufficient.
We used a supercell approach to represent the capacitorlike FE thin film. The supercell contains an alternating stack of PbO and TiO 2 layers, sandwiched between metal electrodes with ͑100͒ orientation. The periodic boundary conditions of the supercell geometry impose a short-circuit condition between the electrodes. 8 We considered both TiO 2 and PbO interfaces with the metal electrodes. In the case of the TiO 2 termination and with an electrode M, the supercells have the general formula ͑M 2 ͒ m / TiO 2 -͑PbO-TiO 2 ͒ n / ͑M 2 ͒ m+1 , and in the case of the PbO termination the formula is
Here ͑2m +1͒ is the number of the electrode layers and n is the number of PbTiO 3 unit cells. We investigated values of n =1, ... ,11. Also, we examined different electrode thicknesses m = 4 , . . . , 7 layers, and found that 4-5 layers are sufficient. The registry for the metal atoms is on top of the oxygen atoms for the TiO 2 termination, and on top of the A cation and oxygen atom for the PbO termination.
FE properties are very sensitive to the in-plane lattice constant, and this, in addition to the DFT functional used, mostly explains the wide spread values of the critical thickness of FE thin films in ab initio studies. 4, 6, 7 Typically, the capacitor hetrostructure is grown epitaxially on a thick SrTiO 3 ͑STO͒ substrate; the in-plane lattice constant of the FE materials and the electrodes are thus constrained by the bulk STO lattice constant. In our calculations, we used the experimental lattice constant ͑3.905 Å͒ of STO. The GGAPBEsol functional yields a value which is in excellent agreement with this value ͑see Table I͒. The initial geometry is built from the primitive bulk unit cell either in the paraelectric ͑PE͒ or the FE phase. The final optimized structure is obtained by relaxing the strain and all of the atomic coordinates along the ͑100͒ direction until the forces are less than 5 meV/ Å.
III. RESULTS AND DISCUSSION

A. Bulk properties with GGA-PBEsol
The first task is to establish the validity of the GGAPBEsol functional for the study of the bulk systems we are interested in. To this end we studied the perovskites STO, PTO, and BTO in their cubic phases, as well as facecentered-cubic ͑fcc͒ structures of the metals Pt and Au. Table I summarizes the properties of the optimized structures computed using LDA, GGA-PBE, and GGA-WC functionals in addition to the GGA-PBEsol functional. In all of these systems, GGA-PBEsol gives results that are comparable or in better agreement with the experimental values than the other functionals.
Next, we investigated bulk PTO and BTO in the tetragonal FE phase. Table II summarizes our results using different functionals. It is gratifying that GGA-PBEsol yields FE properties in good agreement with the experimental values. The optimized geometries obtained with GGA-PBEsol are in better agreement with experimental values than both the LDA and GGA-PBE values, and are very comparable to those obtained using the GGA-WC functional. This also holds for the cation rumplings and the polarization computed using the modern theory of polarization. 31 What is particularly interesting in the results of Tables I  and II is that the results obtained with the GGA-WC and GGA-PBEsol functionals are very close, despite the different exchange-enhancement forms these functionals use. We have also examined some of our nanocapacitors using the WC functional and found close resemblance in the results. This is 
B. Critical thickness of ferroelectricity
As discussed in Sec. I, the critical thickness is determined by the competition between the electrostatic energy associated with the depolarizing field and the energy gain due to the FE ordering. In order to determine the critical thickness of the nanocapacitors, we started the oxide layers with either a bulk FE or PE structure, relaxed the coordinates, and compared the energies. For this study, we focused on systems with an odd number of oxide layers and equally thick top and bottom electrodes so that the entire film can access a state with perfect up-down mirror symmetry ͑when all rumplings are zero͒.
We find that only capacitors with a thickness Ͼ24-28 Å can sustain a FE instability. Table III gives a summary of these capacitors. For the TiO 2 termination, the critical thickness is seven unit cells Ϸ28 Å with either Pt or Au electrodes. For the PbO termination, the critical thickness is six unit cells. Table III also shows the interfacial polarization at the positive and negative surfaces, as well as the average polarization of the FE thin films. The layer polarization, given in units of the bulk polarization, is defined as the ratio of the rumplings of the cations from their oxygen cages in the thin film to those in the bulk. Also, the bulk polarization is determined using an in-plane lattice constant of 3.905 Å and not that of the free sample ͑3.88 Å͒, in order to have a fair comparison with the thin films where the in-plane lattice constant was fixed at 3.905 Å.
Our results indicate that the critical thickness of ferroelectricity depends not only on the FE material and the electrodes but also on the termination of the film ͑TiO 2 vs PbO͒. For example, with the Pt electrodes, the layer polarization at the positive and negative surfaces is almost half the bulk value with the TiO 2 termination while they attain their bulk value for the PbO termination. This is an indication of the importance of the FE-electrode interface in these nanocapacitors. Also, note that with the TiO 2 termination, the average polarization of the FE thin film with the Pt electrodes is larger than that with the Au electrodes while for the PbO termination, we have the opposite behavior.
The average polarization P of the nanocapacitors shown in Table III can be used to estimate the effective screening length of the metallic electrodes. Using the electrostatic boundary conditions, we can express the depolarizing polarization in the film as,
where ᐉ is the thickness of the FE film. 3 We can use our first-principles results to estimate after using the macroscopic averaging 33 of the electrostatic potential to calculate the depolarizing field, E d . We obtain = 0.045 and 0.028 Å for Pt and Au with TiO 2 termination, and 0.007 and 0.034 Å with PbO termination, respectively. Note that the effective screening length is not a characteristic of the metal but rather it depends on the electrode/thin-film interface. Gerra et al. found a value of Ϸ 0.1 Å for SrRuO 3 / BTO/ SrRuO 3 nanocapacitor. 10 The computed first-principles effective screening length computed using Eq. ͑1͒ seems to be much smaller than the accepted screening lengths of metals. ͑For SrRuO 3 it is Ϸ4 Å, for Pt it is Ϸ0.5 Å, and for Au it is Ϸ0.8 Å.͒ Figure 1 gives a detailed view of the layer polarization of all of the oxide layers for both the TiO 2 and PbO terminations with Pt and Au electrodes. In these calculations, we used a thin film with 15 oxide layers. From the figure, we can see that in all of the cases the layer polarization shows an anomalous behavior at the oxide-electrode interface, where the layer polarization is either enhanced or diminished compared to the polarization in the layers far from the electrode. The effects of the interface extend for only 1-2 layers, and then the layer polarization becomes homogeneous. Away from external perturbations, a uniform polarization is energetically favorable, as can be seen from a Landau-GinzburgDevonshire point of view. Table IV shows the buckling in the electrode layers that are in registry with the PbO layer for the PE nanocapacitors ͑␤ 0 ͒, and for the negative ͑␤ − ͒ and positive ͑␤ + ͒ surfaces of the FE nanocapacitors. A negative value of the buckling indicates that the metal atom that is in registry with the oxygen atom is closer to the oxide than that on top of the A cation. There is no buckling in the electrode layers that are in registry with the TiO 2 layers because the two metal atoms have symmetrical chemical environments.
C. Structural properties of the nanocapacitors
The results for the electrode layer bucklings show similar behavior to what has been seen before with the rumplings in the oxide layers. The interfacial electrode layers have the largest bucklings, and the buckling amplitude decays for layers deeper in the electrode. For example, with Pt electrodes, the buckling in the first Pt layer attached to the PE film is −0.347 Å, and decays to 0.019 Å in the next buckled layer ͑third Pt layer͒ which is Ϸ6 Å from the interface. Also, note that ␤ 0 and ␤ − are very close to each other since the polarization of the film and the intrinsic interfacial dipole are parallel to each other. At the positive surface, the interfacial dipole and the FE polarization oppose each other and thus greatly reduce the bucklings in the electrode layers.
The size of the bucklings of the Pt and Au electrode layers correlates well with the strength of the interfacial bonding between the metal and oxide layers, which is larger for Pt-O than it is for Au-O. This can be seen, for example, from the bond enthalpy, which is 347 kj/mole for Pt-O and 222 lj/ mole for Au-O.
D. Electronic properties of nanocapacitors
To gain further insight into the electronic structure of the nanocapacitors, we have performed a Löwdin orbital analysis 34 and a layer-projected density of states ͑LPDOS͒ on the optimized structures. We compare and contrast the PE and FE nanocapacitors with Pt and Au electrodes, as well as with both TiO 2 and PbO terminations.
Löwdin orbital analysis, which is obtained from the projection of the periodic ground-state orbitals onto a localized set of atomic orbitals, has a large degree of arbitrariness and gives only a qualitative view of distribution of charge in the system. In our charge analysis, we focused on the charge rearrangements at the interfaces, especially the differences between the charges of the interfacial atoms and those of the "bulk" atoms that are far from the interface. Table V shows the change in electronic charge for atoms in the first and second interfacial layers for the PE ͑ 0 ͒, and the negative ͑ − ͒ and positive ͑ + ͒ surfaces of the FE nanocapacitors.
First, we examine the nanocapacitors with the TiO 2 termination. In this case, the two electrode atoms are symmetric because they are in registry with the two oxygen atoms in the TiO 2 layer. In the PE capacitors with Pt electrodes, the first interfacial electrode layer gains 494 millielectrons ͑milli-e͒. The second Pt layer, in registry with the PbO layer and farther away from the interface, gains less ͑75 milli-e͒. For deeper electrode layers, there is almost no charge gain or loss ͑less than Ϸ5 milli-e͒. The orbital decomposition of the Löwdin charges reveals that most of the gain in the electrodes is in the s and p channels, and to a lesser extent in the d channel. The oxygen atoms in the TiO 2 layer lose 254 milli-e/atom, almost equally from the s and p channels, in accord with a hybridization with the s and p orbitals of the metal atoms. Note also that the cations play a relatively smaller role in charge transfer: Ti gains 80 milli-e mostly in the d channel, and Pb loses 35 milli-e mostly from the s channel. Overall, the electrode interfacial layers gain 569 milli-e while the oxide layers lose 484 milli-e. The system is of course charge neutral, and charges lost in one part of the system should appear in another part. However, a discrepancy between the positive and negative charges is to be expected in a Löwdin orbital analysis which does not rigorously satisfy the sum rule ͑e.g., there could be some delocalized charges that are not captured by a projection of the wave function onto a small set of localized orbitals͒. The important point of this analysis is the large changes in the Löwdin charges with the FE distortion, as explained below.
In the FE films with either electrode, either termination, and for either polarization, there is a net charge transfer from the oxide to the electrode atoms. However, it is more relevant to consider the additional charge transfers as the PE film becomes FE. In the case of Pt electrode and TiO 2 termination, the negative surface gains charge of 138 milli-e ͑=316+ 316− 247− 247͒ while that on the positive surface loses 150 milli-e. Most of the charge-transfer changes in the electrode atoms are in the d channel, and to a lesser extent in the p channel. Also, in comparison to the PE film, the negative TiO 2 interfacial layer gains 20 milli-e ͑mostly in the oxygen s channel͒, and the positive surface loses 39 milli-e ͑mostly in the Ti d channel͒. There are also some changes in the PbO layer, but they are much smaller, as can be seen from the table. Overall, the Pt electrode gains 701 milli-e on the negative surface, and 417 milli-e on the positive surface. On the other hand, the oxide layers lose 450 milli-e on the negative surface and 512 milli-e on the positive surface. On either the negative or the positive surfaces, there seems to be a large discrepancy between the charges which are lost by the oxide layers and those which are gained by the electrodes. However, this discrepancy can be accounted for due to a charge passivation by the electrodes which is taking place in the form of charge transfer between the positive and negative sides of the capacitor, transported by the electrodes.
In the PbO-terminated films, it is clear that Pb plays a more prominent role in charge transfer, compared to that of Ti in the TiO 2 -terminated films. In all of the nanocapacitors, both oxygen and Pb in the interfacial PbO layer lose some electronic charge while the electrode atoms gain charge. In the PE film, the orbital decomposition shows that the Pt atoms gain charge. It is rather surprising that the metal atom in registry with Pb gains more charge than that in registry with oxygen. Pb loses charge mostly from the s channel, and also to a lesser extent from the p and d channels. Oxygen also loses charge almost equally from the s and p channels. In the FE case, and as seen before with the TiO 2 termination, the electrode atoms on the negative surface gain charge and those on the positive surface lose charge in comparison to the PE case.
From the charge analysis, we conclude the following: ͑1͒ there is more charge transfer between the Pt layers and the oxides compared to that between the Au layers and the oxide. This is true in all of the electrodes whether PE or FE, and independent of the termination. This can be understood from the bond strength difference between these metals and oxygen. ͑2͒ In the FE case, the electrode layers at the negative surface gain more electron charge than those at the positive surface. In this case, the bond length between the oxygen and the metals is shorter, allowing for more charge transfer and more hybridization between the metal and oxide orbitals. ͑3͒ The electrodes at the negative and positive surfaces of the FE nanocapacitor have different chemical environments, i.e., they are not symmetric with respect to the PE phase. ͑4͒ In the FE case, charge passivation by the electrodes can be seen, and the amount of passivation can explain the trend that is seen in the nanocapacitor average polarization shown in Table III . For the TiO 2 -terminated nanocapacitors, those with the Au electrodes have a larger polarization and also allow for more charge passivation than those with Pt electrodes. With the PbO termination, we see the opposite trend in the passivation of charges and also in the magnitude of the average polarization.
The Löwdin charge analysis helps to explain the behavior seen in the LPDOS. Figure 2 shows LPDOS for the TiO 2 -and PbO-terminated FE nanocapacitors with Pt and Au electrodes. In these films, the polarization is directed upward, i.e., the lower interfacial layer is at the negative surface and the upper one is at the positive surface. Examining the LPDOS we make the following general comments relevant to all of the nanocapacitors. First, the interfacial oxide layers are metallic with large density of states at the Fermi level. As explained before from the Löw-din charge analysis, there is a considerable amount of charge transfer taking place at the interface. Also, we note that the LPDOS of the PE film in Fig. 3 also shows a metallic behavior of the interfacial layers, in agreement with the chargetransfer picture obtained from the Löwdin orbital analysis. Second, due to the polarization, the valence band at the negative surface is shifted upward, and the conduction band at the positive surface is shifted downward. Third, far from the interface, we can see that the LPDOS of all of the oxide layers are similar to those of bulk PTO.
IV. SUMMARY
We used the recently introduced GGA-PBEsol functional in a study of ferroelectricity in bulk and thin films. GGAPBEsol seems to yield an accurate description of bulk PTO which is very comparable to that obtained using the GGA-WC functional, and superior to those obtained with GGA-PBE and LDA functionals. In the PTO nanocapacitors with Pt and Au electrodes, we found a critical thickness around 6-7 unit cells Ϸ24-28 Å. In our study, we constrained the in-plane lattice constant to 3.905 Å, which is the experimental lattice constant of STO. We found that the FE properties of the nanocapacitors depend not only on the electrode type but also on the oxide-electrode termination, even for the same electrode material. This was seen, for example, in the average polarization of the FE film. With Pt electrodes and TiO 2 termination, the film retains 62% of the bulk polarization while with PbO termination, it retains a larger amount ͑95%͒ of the bulk polarization. With Au electrodes, we see the opposite behavior, where the film has 80% of the bulk polarization with TiO 2 termination, and a smaller amount ͑35%͒ with the PbO termination. These results can be understood in terms of charge passivation, as verified by a Löwdin charge decomposition. The charge analysis shows that the nanocapacitors with Au electrodes and TiO 2 termination passivate the charges better than those with Pt electrodes. On the other hand, for PbO termination, our charge analysis shows that the Pt electrodes passivate the charges more efficiently than those with the Au electrodes. E -E f (eV)
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